The hyperthermophilic archaeon, Pyrococcus furiosus, grows optimally near 100°C by 25 fermenting sugars to acetate, carbon dioxide and molecular hydrogen as the major end products. 26
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vacuum and argon to ensure no trace of oxygen was present. In this study, growth was performed 130 in 100 mL serum bottles containing 50 mL of medium, unless otherwise indicated. Fresh cultures 131 to be used as inocula were prepared a day in advance of experiments, and inocula were 132 standardized by cell count using a Petroff-Hausser counting chamber. During growth, 1 mL 133 samples were collected periodically. Cell pellets were obtained by centrifugation at 10,000 x g 134 for 10 min and used for protein quantification. Spent media were saved for further metabolite 135 identification and quantification (see below). Protein was quantified as follows: cells were lysed 136 by adding 1 mL water with vortexing and a freeze-thaw cycle, insoluble cell debris was removed 137 by 1 min centrifugation at 10,000 x g, and soluble protein was quantified with a BioRad protein 138 assay kit. 139 140
Cell Suspension Experiments 141 142
P. furiosus ADHA and ADHA-ΔALS strains were grown at 72 °C for 46 h to reach late 143 log phase (<1 × 10 8 cells per milliliter), pelleted by centrifugation (6,000 × g) for 10 min, and 144 then resuspended in 1x base salt (18) and 100 mM MOPS buffer pH 7.5 (1/10 of the original 145 culture volume to achieve a 10× concentration). Maltose and/or pyruvate were added to achieve 146 10 mM and 100 mM concentration, respectively. Then the headspace was replaced with argon 147 and the assay tubes were incubated at 72 °C, 50 rpm. 148 149
Metabolites quantification 150 151 8
Ethanol, acetate, and acetoin in spent media were measured and quantified using an 152 Agilent 7890A Gas-Chromatography instrument, equipped with a Carbowax/20m column and an 153 FID detector. The spent media was acidified with formic acid to 100 mM concentration prior to 154 injecting. 155 156
Cytoplasmic extract preparation 157 158
To obtain whole cell extract for ALS activity assays, strains were cultured in YMR 159 medium to stationary phase. Cells were collected and suspended in 50 mM MOPS pH 7.5 under 160 strict anaerobic conditions and then lysed by three rounds of 45 sec sonication (Qsonica Q55, 161 amplitude 30) and 15 sec rest. To remove the membrane fraction, cell lysates were centrifuged at 162 100,000 x g for 30 min. The cytoplasmic extract was stored in stoppered glass vials at -20 °C 163 until used. 164 165
ALS assay 166 167
The ALS activity assay was modified from a previously published method which allows 168 the indirect quantitation of α-acetolactate by measuring acetoin formation (19). The assay was 169 conducted anaerobically in sealed vials containing 10 μM of flavin adenine dinucleotide (FAD), 170 1 mM of thiamine pyrophosphate (TPP) and 10 mM of pyruvate in 50 mM EPPS buffer pH 8.4, 171 supplemented with 2 mM MgCl 2 . Whole cell extracts were added, and the assay vials were 172 incubated at temperature ranging from 60 to 95°C to activate ALS, thereby catalyzing the 173 condensation and decarboxylation of two pyruvates to one α-acetolactate . Aliquots (100 μL)9 were taken from the assay vials at intervals of 0, 5, 10, 30 and 60 min. The assay samples were 175 acidified with 1% (vol/vol) H 2 SO 4 at 60°C to chemically convert α-acetolactate to acetoin. 176
Acetoin was detected by adding equal volumes of creatine (1.5%, wt/vol) and α-napthol (5%, 177 wt/vol) in 5 N of NaOH to the assay samples. The amount of acetoin produced was quantitated 178
by the absorbance at 525 nm (19). 179 180
ALDC assay 181 182
The α-acetolactate decarboxylase activity assay was modified from a previously 183 published method (20). Ethyl-2-acetoxy-2-methylacetoacetate (Sigma-Aldrich) was treated with 184 0.5 M NaOH for approximately 60 min at room temperature to produce α-acetolactate, the direct 185 substrate of ALDC. However, metabolite analyses showed that strain ADHA generated acetoin in addition to ethanol. 203
To determine if this was a property inherent to the recombinant strain, acetoin production was 204 compared in strain ADHA, the wild type (DSM3638) and in the genetic background control 205 strain COM1c (17). COM1c is a uracil prototrophic version of the COM1 uracil auxotrophic 206 genetic background strain and is used as a control in place of COM1 since there is a slight 207 phenotype associated with uracil auxotrophy even when uracil is supplied in the growth medium. 208
All strains were cultured at 78C for 36 h as well as at 98C for 12 h (to late stationary 209 phase) in minimal maltose medium (YM), and the spent medium was analyzed for metabolite 210 identification and quantification. As shown in Figure 1A , acetate is produced at 78 and 98°C in 211 all three strains but, surprisingly, acetoin is produced at significant concentrations only at 78°C, 212 and the ADHA has the highest acetoin formation at 78°C. To determine the temperature range 213 of acetoin production, the ADHA strain was cultured in YM medium at temperatures ranging 214 from 70°C to 93°C for six days, and acetoin production was analyzed at the end point of growth 215 contrast, acetoin accumulation dropped rapidly above 80°C, and only 0.3 mM acetoin was 217 formed at 98°C. Hence, P. furiosus produces acetoin as one of its major metabolites in a 218 temperature-dependent manner. There are two enzymes in nature that are known to produce α-acetolactate from 262 pyruvate, a catabolic ALS encoded by the alsSD operon, which is involved in the production of 263 acetoin and butanediol, and an anabolic α-acetohydroxy acid synthase (AHAS) that participates 264 in biosynthesis of the branched chain amino acids isoleucine, leucine and valine (ILV) (21). 265
Some species contain both enzymes and/or multiple copies of AHAS ( Figure S1 ). The flux of α-266 acetolactate toward amino acid biosynthesis is regulated via allosteric activation of ALDC by 267 either valine or leucine (21). P. furiosus contains one ALS enzyme, encoded by PF0935, and it 268 is presumed to be involved in branched chain amino acid biosynthesis, since its gene is clustered 269 with those involved in ILV biosynthesis (PF0935-PF0942; Figure 2B) . 270
To determine if P. furiosus contained ALS activity, we assayed for the conversion of 271 pyruvate to α-acetolactate in the ADHA strain which also contains a pathway for ethanol 272 production (see diagram in Figure 2C ). The ADHA strain was grown at 77.5°C, within the 273 optimal temperature range for acetoin production (see Figure 1B) , and the cytoplasmic extract 274 was assayed from 60 to 95°C. As shown in Figure 3A , ALS specific activity peaked between 80 275 and 85°C, indicating that the enzyme is optimally active at 15 to 20ºC below the optimal growth 276 temperature of P. furiosus. To determine how growth temperature affects ALS activity, ALS 277 specific activity was assayed at 80°C in cytoplasmic extracts prepared from cells grown at 278 temperatures ranging from 70 to 93°C. ALS activity, normalized to total protein detected in 279 whole cell extract, was maximal between 75 and 77.5°C, and decreased as the temperature 280 increased, with very low activity measured in extract from cells grown above 85°C (Figure 3B) . 281
These results suggest that the enzyme responsible for ALS activity in P. furiosus is maximally 282 expressed between 72 and 80°C. The observed temperature-dependent activity profile of ALS 283
correlates with the increased expression of this gene at the lower growth temperatures, since 284 previous transcriptomic analyses showed that expression of als increased by ~10 fold when P. 285 furiosus was grown at 72 versus 98°C (13). All of these data correlate well with the 286 temperature-dependent formation of acetoin in vivo (see Figure 1B) 
ALS is responsible for acetoin formation in P. furiosus 299 300
To determine whether the ALS enzyme encoded by the gene PF0935 is solely responsible 301 for acetoin production in P. furiosus, deletions of als were constructed in the P. furiosus COM1 302 strain as well as in the ADHA strain ( Table 1) . These strains will be referred to herein as ΔALS 303
and ADHA-ΔALS, respectively. To analyze growth and metabolite formation (ethanol, acetate 304 and acetoin), the ΔALS and ADHA-ΔALS strains were grown at 75°C, along with their parental 305 COM1c and ADHA strains using production of soluble cell protein as a measure of growth. 306
While the growth of ADHA-ΔALS was similar to COM1c (Figure 4A) , the ADHA strain grew 307 slightly better than COM1c while the ΔALS strain exhibited a lag phase ( Figure 4A) . The ΔALS and ADHA-ΔALS strains produced no acetoin, even after 57 h of growth, 320 while specific acetoin production by the parental COM1c and ADHA strains was comparable 321 (105.1 ± 24.6 and 102.0 ± 27.3 μmol mg -1 protein, respectively; Figure 4B ). These results 322 confirm that ALS is responsible for acetoin production in P. furiosus. Furthermore, they suggest 323 that acetoin production is beneficial to the cell, since both strains lacking ALS did not grow as 324 well as their respective parental strains. The ADHA strain produced the highest amount of 325 acetoin (6.1 ± 1.0 mM) ( Figure 4C ). These data also suggest that P. furiosus is unable to take up 326 acetoin, since the concentration of acetoin continues to rise throughout the growth phase for the 327 COM1c and AHDA strains. Only one archaeon, Sulfolobus solfataricus, has been reported to 328 utilize acetoin as an energy source and, although it contains an als homolog similar to P. furiosus 329
als, it is not known to produce acetoin (22). 330

During growth on carbohydrates, P. furiosus metabolizes glucose via a modified 331
Embden-Meyerhof pathway (23, 24), and the resulting pyruvate is converted to acetyl-CoA via 332 pyruvate ferredoxin oxidoreductase (POR; (25)). Acetyl-CoA is then converted to acetate and 333 CO 2 via acetyl-CoA synthase I (ACSI) in an energy-conserving manner (26, 27). We, therefore, 334
hypothesized that deletion of als would increase the flux of pyruvate through ACSI (Figure 2C) . 335
The amount of acetate produced in the spent media was analyzed and, as expected, acetate 336 formation in ΔALS and ADHA-ΔALS was higher than in the parental strains COM1c and 337 ADHA, respectively ( Figure 4D ). Specific acetate formation was ~30% higher in ΔALS 338 compared to COM1c and ~56% higher in ADHA-ΔALS compared to ADHA (Figure 4B) . 339 340
Deletion of ALS improves ethanol production 341 342
While P. furiosus is not known to natively produce ethanol in significant amounts, the 343 engineered ADHA strain can convert acetate to ethanol through the AOR/AdhA pathway, while 344 conserving energy via the recycling of ferredoxin (11). Therefore, we hypothesized that ethanol 345 production would increase in the ADHA strain when ALS was deleted. While insignificant 346 amount of ethanol were produced by COM1c and ΔALS, ethanol production in ADHA-ΔALS 347 reached 4.0 ± 0.2 mM after 72 h of growth, which is about 25% higher than that produced in the 348 ADHA strain (Figure 4E ). In addition, specific ethanol production in ADHA-ΔALS was about 349 50% higher than that in ADHA (107.5 ± 15.2 vs. 68.1 ± 10.0 μmol mg -1 protein, respectively; 350
Figure 4B). 351
To further investigate the impact of ALS deletion on the ADHA strain, a 10x 352 concentrated whole cell suspension assay was employed to examine the distribution of major Therefore, the maximal theoretical yield of ethanol from 10 mM maltose is 40 mM. After 18 h, 360
The ADHA-ΔALS strain produced 35.0 mM ± 2.0 mM ethanol, which is near 90% of the 361 maximal yield, higher than the amount of ethanol produced by the ADHA strain, at 20.2 ± 2.8 362 mM or about 50% of the maximal yield (Figure 5) . Since the flux from pyruvate to acetate is 363 increased in the absence of ALS (Figure 2C) , more acetate can be converted to ethanol in the 364 ADHA-ΔALS strain via the AOR/AdhA pathway. Taken together, these results demonstrate that 365 ALS is responsible for acetoin production in P. furiosus, and that deletion of the corresponding 366 gene can be used to effectively increase product formation, depending on the growth condition, 367 to either acetate or ethanol, at temperatures in the range of 72 to 80°C. It should be noted that 368 the concentration of ethanol produced by the ADHA strain shown in Figure 4E is lower than 369 that previously reported (11). This is because in the present study, all cultures were incubated 370 with shaking, causing an increase in hydrogen production and a corresponding decrease in 371 ethanol production. To determine if addition of als would restore acetoin production in the ΔALS strain, an 384 als expression cassette utilizing the promoter (P slp ) of the highly expressed gene encoding the S-385 layer protein was inserted at genome region 5, a region that has been determined to have little to 386 no transcriptional activity according to tiling array data (28). This strain will be referred to as 387 GR5:ALS. To compare growth and metabolite production at 78°C versus 98°C, the GR5:ALS, 388 ΔALS and COM1c strains were grown in YM medium at both 78 and 98°C. At both 389 temperatures, ΔALS and COM1c strains have similar growth characteristics. However, at 78°C, 390
GR5-ALS has a slower growth rate than the control, but not at 98ºC (Figure 6A ). Acetoin 391 formation was absent in the ΔALS strain, as expected, at both 78 and 98°C. However, GR5:ALS 392 produced acetoin during growth at 78°C, and surpassed COM1c in acetoin production in late 393 stationary phase (4.7 ± 0.7 vs. 3.4 ± 0.2 mM, respectively; Figure 6B ). The GR5:ALS strain also 394 produced acetoin even at 98°C, up to 1.6 ± 0.1 mM after 16 h of growth, which is three times 395 higher than the acetoin formation of COM1c (0.50 ± 0.05 mM), although this concentration is 396 still far lower than that produced at 78°C. Interestingly, even when the als gene is highly 397 expressed at 98C, not as much acetoin is produced compared to growth at 78°C. This could be 398 due either to the lower specific activity of the enzyme ALS at the higher temperatures (Figure  399 3A) or to an increase in activity of ketol-acid reductoisomerase (IlvC), the ILV pathway enzyme 400 utilizing α-acetolactate , either of which would decrease the pool of α-acetolactate that can be 401 spontaneously converted to acetoin. We hypothesized that als overexpression would effectively 402 reduce pyruvate flux toward acetate. However, the GR5:ALS strain produced similar 403 concentrations of acetate as the COM1c strain, while ΔALS, as expected, produced the highest 404 amount of acetate at 78°C (Figure 6C) . Presumably, even though als is overexpressed, 405 sufficient amounts of pyruvate must be oxidized and acetate produced to maintain the redox 406 balance (via reduced ferredoxin production by POR) and ATP supply (via ACSI). To rule out the possibility that the availability of pyruvate is a major factor that limits 428 acetoin production, acetoin formation in the ADHA strain was monitored in a 10x concentrated 429 cell suspension assay with or without addition of 100 mM pyruvate. In medium with excess 430 pyruvate (100 mM), only 8.5 ± 0.8 mM acetoin was detected after 18 h. However, it is still about 431 five-fold higher than that detected in medium without additional pyruvate (1.6 ± 0.3 mM) 432 (Figure 7) . This result suggests that the availability of pyruvate is not what limits ALS activity. 
